Several asymmetric borane reductions of prochiral ketones using a chiral oxazaborolidine catalyst prepared from a chiral b-amino alcohol have been reported. [1] [2] [3] [4] [5] [6] Especially, the use of the oxazaborolidine, MeCBS or HCBS, prepared from chiral a,a-diphenyl-2-pyrrolidinemethanol (DPP) for the asymmetric borane reduction of various ketones showed high enantioselectivities ( Fig. 1 ). HCBS could be synthesized from DPP and a reducing reagent such as the borane-dimethyl sulfide complex (BH 3 · Me 2 S) or the borane-tetrahydrofuran complex. However, the synthesis of HCBS requires a long reaction time in tetrahydrofuran (THF).
Several asymmetric borane reductions of prochiral ketones using a chiral oxazaborolidine catalyst prepared from a chiral b-amino alcohol have been reported. [1] [2] [3] [4] [5] [6] Especially, the use of the oxazaborolidine, MeCBS or HCBS, prepared from chiral a,a-diphenyl-2-pyrrolidinemethanol (DPP) for the asymmetric borane reduction of various ketones showed high enantioselectivities ( Fig. 1 ). HCBS could be synthesized from DPP and a reducing reagent such as the borane-dimethyl sulfide complex (BH 3 · Me 2 S) or the borane-tetrahydrofuran complex. However, the synthesis of HCBS requires a long reaction time in tetrahydrofuran (THF).
3) Masui and Shioiri reported the asymmetric reduction by BH 3 · Me 2 S using a catalyst easily generated in situ from chiral DPP and trimethyl borate. 7) We have also reported the efficient catalyst prepared from aluminum triethoxide 8) and DPP for asymmetric borane reduction. However, the additive, trimethyl borate or aluminum triethoxide, is necessary to prepare the catalysts in these methods. Mathre et al. tried to prepare a borane complex of HCBS in toluene by the same procedure used to prepare a borane complex of MeCBS ( Fig. 1 ), but they obtained only a dimer complex. 5) Salunkhe and Burkhardt reported that the complex generated from the chiral DPP and borane in toluene included the dimer complex. 6) Efforts to use the dimer complex as a catalyst resulted in a low enantioselectivity for the reduction of acetophenone.
In this paper, we report the asymmetric borane reduction of a prochiral ketone using a catalyst generated in situ from DPP and BH 3 · Me 2 S in various solvents. We also report that the carbonate of DPP is useful for the reduction.
In our previous report, 8) we described that the asymmetric reduction of acetophenone using (S)-DPP and BH 3 · Me 2 S in THF required a long reaction time (1.5 h) after the addition of the ketone and gave (1R)-1-phenylethanol with 94.7% ee. During the reaction, immediately after BH 3 · Me 2 S was added to a solution of (S)-DPP in THF, the addition of the ketone to the solution was started. We thought that if the mixture of (S)-DPP and BH 3 · Me 2 S was stirred to prepare a catalyst for a sufficient time before the addition of the ketone, the reaction time would be shorter and the optical purity of the alcohol would be higher.
First we examined the asymmetric borane reduction of acetophenone using a catalyst generated in situ from DPP and BH 3 · Me 2 S in various solvents. A catalyst solution was generated from (S)-DPP (0.5 mmol) and BH 3 · Me 2 S (5 mmol) in each solvent (5 ml) by stirring at room temperature for 1 h. A solution of acetophenone (5 mmol) in each solvent (10 ml) was then added dropwise to the catalyst solution via a syringe pump at room temperature over 1 h. The reaction solution was stirred until the acetophenone disappeared based on TLC. The resulting solution was quenched with 1 mol/l HCl. The usual workup provided (1R)-1-phenylethanol. These results are shown in Table 1 . The reaction in THF, ether, or hexane gave (1R)-1-phenylethanol with high optical purity (Ͼ98% ee). On the other hand, when toluene or CH 2 Cl 2 was used as the solvent, the enantioselectivities were inadequate. It became evident that the solvent influenced this method of using HCBS generated in situ.
Next we intended to recover and reuse the catalyst. Corey et al. reported a method for the recovery of DPP as the hydrochloride salt 1.
3) When we used (R)-MeCBS in the asymmetric borane reduction of a ketone, we found that (R) 
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a) The absolute configuration of the product was assigned by comparison of the retention time on an HPLC chiral column with the commercially available compound. b) Reaction time after the addition of the ketone. c) Determined by HPLC analysis using a chiral column (Chiralcel OJ). d) Overnight. 9) If these salts can be used as the catalyst for the asymmetric borane reduction, the recycling of the catalyst will be very simple and economical. We then investigated the possibility of the carbonate, the hydrochloride, and the sulfate of DPP as the catalyst for the asymmetric borane reduction of acetophenone using the above-mentioned method. These results are shown in Table 2 .
Using 5 mol% of the carbonate [(S)-DPP 2 · H 2 CO 3 , 3] of (S)-DPP gave (1R)-1-phenylethanol with the excellent optical purity of 97.9% ee (entry 3). When the hydrochloride 1 or the sulfate 2 of (S)-DPP was used as the catalyst for the reduction, the reaction times were 1.5 h and the optical purities of the alcohol were lower (78.9% ee and 90.7% ee, respectively) (entry 1, 2). Furthermore, we examined the possibility of decreasing the quantity of 3. Using 2.5 mol% of 3 under these conditions led to a good result (96.2% ee, entry 4). When the solvent was decreased to a fifth of its original quantity, the reduction of acetophenone using 1 mol% of 3 gave (1R)-1-phenylethanol with 95.1% ee (entry 7). However, a further reduction of the amount of 3 to 0.5 mol% at the high concentration gave the alcohol with the unsatisfactory optical purity of 56.8% ee (entry 8). From these results, chiral DPP 2 · H 2 CO 3 is quite useful for the asymmetric borane reduction, and the obtained optical purity of the chiral alcohol is affected by the concentration of both the catalyst and the ketone in the reaction solution.
Furthermore, we examined the recovery of the carbonate of DPP from a reaction mixture and the reduction using the recovered carbonate. The first asymmetric reduction of acetophenone (12.02 g) using 2.5 mol% of 4 (1.42 g) gave (1S)-1-phenylethanol with 98.1% ee after distillation and 4 was recovered in 69% yield. We reused the recovered 4 for the same reduction. The optical purity of the alcohol was 98.0% ee.
Finally, we used the method for the synthesis of the bromohydrine 6 as shown in Chart 1. Compound 6 is an intermediate of KUR-1246 that we are developing as a uterine relaxant. 10, 11) The asymmetric borane reduction of the phenacyl bromide 5 using 2.5 mol% of 4 and 120 mol% of BH 3 · Me 2 S reduced both the ketone and the ester groups to give the crude 6 with the excellent optical purity of 99.0% ee. After crystallization, 6 was then obtained in 91% yield with Ͼ99.9% ee.
In conclusion, the asymmetric borane reduction of a prochiral ketone using the catalyst generated from a chiral DPP and BH 3 · Me 2 S in situ in THF, ether, or hexane at room temperature for 1 h gave the corresponding chiral alcohol with an excellent optical purity. However, the optical purity of the chiral alcohol, which was obtained from the reduction in CH 2 Cl 2 or toluene, was inadequate. (R)-and (S)-DPP 2 · H 2 CO 3 could be used for the catalyst as same as DPP. Furthermore, they were easily recovered from the reaction. (R)-and (S)-DPP 2 · H 2 CO 3 are useful, recoverable, and reusable catalysts for the asymmetric borane reduction of prochiral ketones.
Experimental
All melting points were determined on a Yanagimoto melting point apparatus and are uncorrected. IR spectra were recorded on a Nicolet 510 FT-IR spectrometer.
1 H-and 13 C-NMR spectra were recorded on a Bruker DRX-500 using tetramethylsilane as the internal standard. Mass spectra were measured using a JEOL JMS-SX102A mass spectrometer. Optical rotations were measured with a JASCO DIP-370 polarimeter.
General Procedure. Asymmetric Borane Reduction of Acetophenone BH 3 · Me 2 S (10 mol/l, 0.5 ml, 5 mmol) was added to a suspension of (S)-DPP (127 mg, 0.50 mmol) in THF (5 ml) under a N 2 atmosphere, and the mixture was stirred at room temperature for 1 h. A solution of acetophenone (601 mg, 5 mmol) in THF (10 ml) was added dropwise over 1 h via a syringe pump. The reaction mixture was stirred until the acetophenone disappeared on TLC. The mixture was quenched with 1 mol/l HCl (10 ml), and extracted with ether (3ϫ15 ml). The organic layers were combined, washed with water (10 ml) and brine (10 ml), dried over MgSO 4 , and concentrated under reduced pressure. The resulting residue was purified using silica gel chromatography (Fuji Silysia Co. Ltd., BW-350; eluent, AcOEt : hexaneϭ1 : 10) to give (1R)-1-phenylethanol (611 mg, 100%) as a colorless oil. The ee of the alcohol was determined to be 97.5% by HPLC using a chiral column [column, Chiralcel OJ 4.6 mm i.d.ϫ250 mm, Daicel Chemical Industries Co., Ltd.; mobile phase, hexane-iso-PrOH, 95 : 5; flow rate, 1.0 ml/min; detection, UV at 220 nm].
(S)-a a,a a-Diphenyl-2-pyrrolidinemethanol Hydrochloride [(S)-DPP · HCl, 1] Ether (10 ml) was added to a solution of (S)-DPP (507 mg, 2 mmol) in 2.4 mol/l HCl/MeOH (2 ml), and the precipitate was collected by filtration, washed with ether, and dried to give 1 (182 mg, 63%) 
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a) The value inside ( ) was mol% of (S)-DPP. b) Reaction time after the addition of the ketone. c) Determined by HPLC analysis using a chiral column (Chiralcel OJ). d) Overnight. e) The solvent was decreased to a fifth of the original quantity. Recover and Reuse of (R)-DPP 2 · H 2 CO 3 (4) BH 3 · Me 2 S (10 mol/l, 8 ml, 80 mmol) was added to a suspension of 4 (1.42 g, 2.50 mmol) in THF (20 ml) under a N 2 atmosphere, and the mixture was stirred at room temperature for 1 h. A solution of acetophenone (12.02 g, 100 mmol) in THF (40 ml) was added dropwise over 1 h. The reaction mixture was stirred until the acetophenone disappeared on TLC (10 min). The mixture was quenched with 1 mol/l HCl (25 ml) and extracted with AcOEt (2ϫ100 ml). The organic layers were combined, washed with water (10 ml) and brine (10 ml), dried over MgSO 4 , and concentrated under reduced pressure. The obtained oil was distilled under reduced pressure to give (1S)-1-phenylethanol (8.39 g, 69%) as a colorless oil. The ee of the alcohol was determined to be 98.1% by HPLC using the chiral column.
The aqueous layers of the above procedure were combined and adjusted to pH 8 by sat. NaHCO 3 . After the mixture was stirred overnight, the precipitate was collected by filtration, washed with water, and dried to give 4 (0.98 g, 69%) as a white solid.
The recovered 4 (0.71 g, 1.25 mmol) was used for the asymmetric borane reduction of acetophenone (6.01 g, 50 mmol) as the above procedure. (1S)-1-Phenylethanol (4.92 g, 81%) was obtained, and the ee of the alcohol was determined to be 98.0% by HPLC using the chiral column.
(1R)-1-[4-Benzyloxy-3-(2-hydroxyethyl)phenyl]-2-bromoethan-1-ol (6) BH 3 · Me 2 S (10 mol/l, 0.6 ml, 6 mmol) was added to a suspension of 4 (377 mg, 0.66 mmol) in THF (10 ml) under a N 2 atmosphere, and the mixture was stirred at room temperature for 1 h. A solution of methyl (2-benzyloxy-5-bromoacetylphenyl)acetate (5) 11) (10.00 g, 26.5 mmol) in THF (25 ml) was added dropwise over 1 h. After 10 min, the mixture was stirred for 2 h at 50°C
, quenched with MeOH (10 ml), and concentrated under reduced pressure. AcOEt (30 ml) and 1 mol/l HCl (10 ml) were added to the resulting residue, and then the separated aqueous layer was extracted with AcOEt (20 ml). The organic layers were combined, washed with water (10 ml), sat. NaHCO 3 (10 ml), and brine (10 ml), dried over MgSO 4 , and concentrated under reduced pressure. The resulting residue was recrystallized from AcOEthexane to give 6 (8.52 g, 91%) as a white solid. The ee of 6 was determined to be Ͼ99.9% by HPLC using a chiral column [column, Chiralpak AD 4.6 mm i.d.ϫ250 mm, Daicel Chemical Industries Co., Ltd.; mobile phase, hexane-iso-PrOH, 9 : 1; flow rate, 1.0 ml/min; detection, UV 
